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ABSTRACT. An in deep study of the functionalization of carbon nanotubes for their application 
as peptides and DNA carriers is presented. Designed amphiphilic polypeptides are used to study 
the dispersion properties of single-walled carbon nanotubes (SWCNTs) and to measure the 
properties of the carbon nanotube-polypeptide complexes. These properties allow the design of 
methods for using carbon nanotubes as platforms for protein and DNA binding. First, a model that 
characterizes the adsorption of natural peptides onto SWCNTs is developed which allows the 
design of functionalization methods of SWCNTs with proteins. This model was based on 
properties that describe the protein structure and composition. Second, the binding of cationic 
amphiphilic polypeptides to SWCNTs is studied for subsequent and efficient binding of DNA to 
carbon nanotubes by a bilayer approach. These functionalization methods for the development of 
protein and DNA carriers have potential applications in using SWCNTs in important fields such as 
biosensing and delivery systems design. 
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1. INTRODUCTION  
The development of functionalization methods of carbon nanotubes (CNTs) for 
applications in the biomedical field has had a considerable interest in recent years. 
CNTs have been extensively studied in recent years as one of the most promising 
gene and drug delivery systems (Bianco et al. 2005; Liu et al. 2009) and in 
biosensing (Kim et al. 2007; Ju et al. 2009; Ziegler 2005). However, naked CNTs 
are not appropriate for these applications as they are insoluble, so they have first 
to be functionalized in some way. The properties of the functionalized CNTs are 
likely to have a profound effect on their ability to enter cells and deliver cargos, as 
well as affect their toxicological properties when using as delivery vector. 
Furthermore, the functionalization method affects the optical, electronic and 
electrochemical properties of CNTs when they are applied in the development of 
nanoelectronic devices and nanosensors (Chen et al. 2003; Besteman et al. 2003; 
Kurppa et al. 2007). Several kinds of covalent and non-covalent functionalization 
methods have been investigated but the non-covalent approach has the significant 
advantage that it preserves the unique properties of carbon nanotubes (Klumpp et 
al. 2006). The use of biomolecules such as nucleic acids and proteins as 
surfactants has the additional advantage of making the functionalized CNTs 
biocompatible. The use of DNA (Enyashin et al. 2007) and RNA (Jeynes et al. 
2006) to disperse carbon nanotubes has been extensively studied. Proteins may 
also be used to disperse and functionalize CNTs, which may have several 
advantages over nucleic acid, such as modified immune response (Pantarotto et al. 
2003; Salvador-Morales et al. 2006) and ease of further functionalizations 
(Heister et al. 2009) (e.g. adding additional groups such as fluorescent dyes via 
amine and sulfide groups). Different procedures for the attachment of proteins to 
CNTs have been already described. Covalent methods use, for example, the 
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diimide-activated amidation of nanotube carrying carboxylic groups after acid 
treatment (Huang et al. 2002) or the reaction of protein amine groups with a 
succinimidyl derivative of pyrene adsorbed onto the sidewall of SWCNTs by -
stacking (Chen et al. 2001). Proteins can also be attached to CNTs by means of 
the biotin-streptavidin system (Shim et al. 2002). Several studies have been 
performed on the adsorption of proteins (Kurppa et al. 2007; Karajanagi et al. 
2006; Matsuura et al. 2006) and designed peptides (Salzmann et al. 2007; 
Salzmann et al. 2008; Zorbas et al. 2004) onto carbon nanotubes but no detailed 
study of the binding characteristics of different forms of protein to CNTs has yet 
been performed. In this paper, we investigate the use of designed amphiphilic 
polypeptides to disperse SWCNTs and measure the properties of the SWCNT-
protein complexes. These measurements are used to develop a model of the 
adsorption of proteins onto SWCNTs. As an application of this functionalization, 
we optimize the binding of amphiphilic polypeptides containing cationic groups to 
SWCNTs for subsequent and efficient binding of nucleic acids for their potential 
applications as gene delivery systems. 
2. EXPERIMENTAL 
2.1. MATERIALS  
SWCNTs were purchased from Sigma (> 90 % carbon (TGA), 0.7-1.1 nm 
diameter). The following polypeptides were obtained from Sigma and used in 
these studies: poly(Lys:Trp, 4:1), poly(Lys:Tyr, 1:1), poly(Arg:Trp, 4:1), 
poly(Lys:Tyr, 4:1), poly(Orn:Trp, 4:1), poly(Lys:Phe, 1:1) poly(Lys:Tyr, 1:9) and 
poly(Glu:Lys:Tyr, 6:3:1). Proteins were obtained from Sigma: bovine serum 
albumin, trypsin from bovine pancreas (T1426), pepsin from porcine gastric 
mucosa (P6887), lysozyme from chicken egg white (62970), ferritin from equine 
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spleen (F4503), fibrinogen from bovine plasma (46312), papain from papaya latex 
(P3375), haemoglobin from bovine serum. 5(6)-Carboxyfluorescein N-
hydroxysuccinimide ester was obtained from Sigma (21878). 
2.2 METHODS 
Functionalization of SWCNTs with amphiphilic polypeptides. The appropriate 
amount of  SWCNT (from 0.15 mg to 2 mg) were mixed with 1 mL of the 
polypeptide of 0.3 mg mL
-1
 in distilled water and the mixture was ultrasonicated 
in a Soniprep for 40 s (4 cycles of 10 s on and 10 s off) and then sonicated for 2 h 
in water bath (3 W) at room temperature. The suspension was then centrifuged at 
13200 rpm for 10 minutes and the supernatant was pippeted off. Excess of 
polypeptide was removed by ultrafiltration in filters tubes of 100 kDa and 
washing the retentate 3 times with distilled water. The functionalized SWCNTs 
were suspended in 1 mL of distilled water.  
Functionalization of SWCNTs with polypeptides chemically modified with 
fluorescein. First, polypeptides carrying amine groups (lysine side chains of the 
polypeptide) were chemically modified with a succinimide derivative of 
fluorescein. Two chemically modified polypeptides were synthesized: 
poly(Lys:Phe, 1:1) and poly(Glu:Lys:Tyr, 6:3:1). For poly(Lys:Phe, 1:1), 3 mL of 
the polypeptide of 2 mgmL
-1
 were mixed with 300 L of carbonate buffer 0.1 M 
pH 8.5 and 600 l of 5(6)-Carboxyfluorescein N-hydroxysuccinimide ester 0.17 
mg mL
-1
 in DMSO. For poly(Glu:Lys:Tyr, 6:3:1), 3 mL of the polypeptide of 2 
mg mL
-1
 were mixed with 300 L of carbonate buffer 0.1 M pH 8.5 and 600 l of 
5(6)-Carboxyfluorescein N-hydroxysuccinimide ester 1 mg mL
-1
 in DMSO. The 
mixtures were allowed to react for 1 h at room temperature in continuous stirring 
and in darkness. The excess of unbound fluorescein was removed by filtration and 
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washing in Microcon filters (Millipore) of 3 KDa. The chemically modified 
polypeptide was suspended in distilled water to obtain a final concentration of 2 
mg mL
-1
 of the polypeptide. Then, SWCNTs were functionalized with the 
chemically modified polypeptides. In this procedure, 1 mg of SWCNTs was 
mixed with 0.15 mL of the chemically modified polypeptide of 2 mg mL
-1
 and 
0.85 mL of distilled water. The mixture was ultrasonicated in a Soniprep for 40 s 
(4 cycles of 10 s on and 10 s off) and then sonicated for 2 h in water bath (3 W) at 
room temperature. The suspension was then centrifuged at 13200 rpm for 10 
minutes and the supernatant was pippeted off. Excess of polypeptide was removed 
by ultrafiltration in tubes of 100 kDa and washing the retentate 3 times with 
distilled water. The functionalized SWCNTs were suspended in 1 mL of distilled 
water.  
Functionalization of SWCNTs with proteins. 1 mg of  SWCNT was mixed with 
1 mL of the protein of 0.5 mg mL
-1
 in bidistilled water and the mixture was 
ultrasonicated in a Soniprep for 40 s (4 cycles of 10 s on and 10 s off) and then 
sonicated for 2 h in water bath (3 W) at room temperature. The suspension was 
applied to ultrafiltration tubes of 100 kDa, ultrafiltrated and washed 3 times with 
50 L of distilled water to collect the unbound protein. The concentration of 
bound protein is determined indirectly after determining the concentration of 
unbound protein in the filtrate. The concentration of protein in the filtrate was 
determined by the Bio-Rad DC Protein Assay. Calibration curves were obtained 
by preparing solutions of the different proteins (albumin, trypsin, pepsine, 
lysozime, ferritin, fibrinogen, papain and hemoglobin) from 0.2 to 1.5 mg mL
-1
. 
The protein concentration was calculated after interpolation with the calibration 
curve. 
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Molecular absorption spectroscopy. Molecular absorption spectra were recorded 
in a Thermo Heios  spectrophotometer using a 1 cm optical pathway quartz 
cuvette. 
Dichroism circular spectroscopy. The spectra were recorder in a Chirascan 
dichroism circular spectrometer using a 1 cm optical pathway quartz cuvette. 
Agarose gel electrophoresis. 0.8 % agarose gel electrophoresis in TAE buffer 
was used to study the interaction of plasmid DNA with functionalized carbon 
nanotubes. The gel was run for 45 min at 90 V. 40 % sucrose was used as loading 
buffer for the plasmid DNA-functionalized SWCNTs complexes. A 10 µL sample 
was charged in each well prepared by mixing 8 µL of the complexes with 2 µL of 
loading buffer. Ethidium bromide was used for DNA staining. 
Confocal microscopy. HeLa cells were grown in cover slips in 6-well plates 
overnight (3x10
5
 cells were seeded per well in 2 mL of media (DMEM 
supplemented with 10 % Bovine Fetal Serum, 1% non-essential amino acids and 1 
% penicillin and streptomycin)). After removing the old media and washing with 
PBS, 2 mL of Opti-MEM Reduced Serum Media containing the functionalized 
SWCNTs with polypeptides chemically modified with fluorescein were added and 
incubated with the cells for 1 to 3 h. Then, the cover slip was removed from the 
growth medium and washed twice with PBS. After fixation with 
paraformaldehyde 3.7 % in PBS for 10 min, the cells were washed twice with 
PBS and then they were equilibrated for 5 minutes in the slowfade equilibration 
buffer. After removing the equilibration buffer, one drop of the slowfade reagent 
was added to the slip and, finally, the cover slip was mounted on a slide.  
Elucidation of the mechanism of entry of functionalized SWNTs in mammalian 
cells. Cells were seeded in 96-well plates at 2x10
4 
cells in 200 µL of media. After 
growing the cells overnight, cells were preincubated during 30 minutes at 37 
o
C 
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with the following solutions: a) PBS as control, b) azide 10 mM to inhibit 
endocytosis, c) sucrose 0.45 M in PBS to inhibit chlathrin endocytic pathway, d) 
filipin 5 µg mL
-1
 and nystatin 10 µg mL
-1
 in PBS to inhibit caveolae endocytic 
pathway. Then, 200 µL of Opti-MEM Reduced Serum Media containing the 
functionalized SWCNTs with polypeptides chemically modified with fluorescein 
were added and incubated with the cells for 3 h. All the experiments were carried 
out in triplicates. Then, the media was removed and the cells were washed three 
times with PBS. 25 µL of lysis buffer was added to each well and the plates were 
incubated for 20 minutes on a rocking platform. The fluorescence of the lysates 
was measured on a well plate reader using 485 nm as excitation wavelength and 
535 nm as emission wavelength. 
3. RESULTS AND DISCUSSION 
3.1. DISPERSION OF SWCNTs WITH AMPHIPHILIC POLYPEPTIDES 
3.1.1. Effects of amphiphilic polypeptide characteristics on the dispersion 
properties of SWCNTs.  
Random peptide copolymers were tested to disperse SWCNTs. These copolymers 
are polypeptides that contain two kinds of side chains, one hydrophobic and one 
hydrophilic, in a defined hydrophilic:hydrophobic side chain ratio (see figure 1). 
These peptides disperse SWCNTs through the interaction between the carbon 
nanotube sidewall and the hydrophobic side chains, and the presence of the 
hydrophilic groups from the peptide on the wrapped carbon nanotube that render 
them dispersed in water. To optimize SWCNT binding and functionalization with 
these peptides we investigated the interaction of SWCNTs with designed 
polypeptides with controlled proportions of aromatic residues (tryptophan (Trp), 
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tyrosine (Tyr) and phenylalanine (Phe)) and hydrophilic groups (lysine (Lys), 
arginine (Arg) and ornithine (Orn)). Dispersion curves were obtained for designed 
polypeptides using different SWCNT:polypeptide ratios by keeping constant the 
concentration of the polypeptide (0.3 mg mL
-1
) and changing the concentration of 
SWCNTs in the sonication mixture (from 0.15 to 1.8 mg mL
-1
). The absorbance 
value of the dispersed mixture in the NIR region was used as a measurement of 
the concentration of dispersed SWCNTs. 730 nm was selected as working 
wavelength given that the functionalized SWCNTs have a spectral maximum at 
this wavelength and it is not interfered by the polypeptide absorption. The molar 
extinction coefficients at this wavelength for the polypeptide wrapped SWCNTs 
were used to calculate the concentration of dispersed SWCNTs are described in 
the Online Resource 1. A typical dispersion curve is shown in figure 2. As a 
general trend, there is an optimum SWCNT:polypeptide ratio in the dispersion 
mixture where a maximum concentration of dispersed SWCNTs is obtained. 
Above this optimum, the concentration of dispersed nanotubes decreases. This is 
likely to be due to limiting concentrations of polypeptide being shared between 
large numbers of SWCNTs such that insufficient active polypeptide is available 
for dispersing each nanotube. This is reflected in the dispersion yield, which is 
calculated from the concentration of dispersed SWCNTs and the initial 
concentration of SWCNTs in the dispersion mixture. As can be seen, the 
dispersion yield decreases as the initial concentration of SWCNTs increases, as 
expected. The dispersion curves for all the tested amphiphilic polypeptides were 
obtained. The optimal conditions for dispersion, in terms of SWCNT:polypeptide 
ratio, and maximum dispersion yields for all of the tested amphiphilic 
polypeptides are shown in table 1.  
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Ultrasonication time was also investigated as it is important when SWCNTs are 
functionalized with peptides. Prolonged ultrasonication times lead to, apart from 
higher damage on the SWCNT sidewall, high temperatures in the dispersion 
mixture, denaturalization of the peptides and loss of enzymatic activity. It was 
found that ultrasonication times up to 40 s increase the dispersion yield but remain 
constant thereafter (see Online Resource 2).  
The effect of the composition of the amphiphilic polypeptide on the dispersion 
yield was studied. In figure 3 the effect of the hydrophilic group, the aromatic 
group and the hydrophilic:hydrophobic side chain ratio is shown. As can be seen, 
the solubilization yield decreases in the sequence Orn -> Lys -> Arg. This 
sequence corresponds to the size of the linker between the -carbon and the amine 
group in the amino acid side chain and suggests that decreasing the size of the 
linker optimizes solubilisation yield. It seems likely that the shorter hydrophilic 
chains form more compact micelles that are more efficient at solubilising the 
SWCNTs. The solubilisation yield is shown to decrease in the sequence Phe -> 
Trp -> Tyr, which corresponds to increasing hydrophobicity of the aromatic side 
chains. This can be explained by the stronger -interaction interaction between the 
aromatic group and the surface of carbon nanotubes that makes the SWCNT-
peptide complex more stable in suspension. The effect of the 
hydrophilic:hydrophobic ratio was also studied using the polymer poly(Lys:Tyr) 
as a model. As can be seen in figure 3, the optimal ratio was 1: 1 which 
presumably reflects the need for both hydrophobic (to interact with SWCNTs) and 
hydrophilic (to interact with solvent) groups for optimal solubilisation.  
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3.1.2. Characterization of SWCNTs functionalized with amphiphilic 
polypeptides.  
To investigate the molecular interaction between the amphiphilic polypeptides 
and SWCNTs, the optical properties of the functionalized carbon nanotubes were 
studied by UV-VIS-NIR molecular absorption. The RNA unwrapping method 
(see Online Resource 1) was used to obtain these spectra (Jeynes et al. 2006). This 
method allows the determination of the molar extinction coefficients of each 
functionalized SWCNTs at different wavelengths. In figure 4A the molecular 
absorption spectra of different functionalized SWCNTs normalized at 400 nm are 
shown with the significant spectral regions expanded. As can be seen, for 
polypeptide-wrapped SWCNTs peaks at 643, 702, 723, 740, 802 943, 950 and 
1015 nm appear but the relative intensity of each peak depends on the kind of 
polypeptide wrapping the SWCNT. It was observed that as the hydrophobicity of 
the polypeptide increases the peaks at 702, 740, 943 and 1015 nm are more 
enhanced (Online Resouce 1). This can be explained by the electron filling of the 
empty states of semiconducting and metallic nanotubes by the increased amount 
of aromatic groups, with a higher electron delocalization (Britz and Khlobystov 
2006). This effect strongly depends on the hydrophobic:hydrophilic side chain 
ratio of the polypeptide interacting with carbon nanotube surface. The 
functionalized SWCNTs were also characterized by circular dichroism (CD). The 
study of circular dichroism of functionalized SWCNTs is of high importance as it 
has been scarcely studied with few studies in the literature (Heller et al. 2006; 
Dukovic et al. 2006; Peng et al. 2007). In figure 4B the CD spectra of the 
SWCNTs functionalized with different amphiphilic polypeptides are shown. The 
signals in the UV region are ascribed to the secondary (190-250 nm) and tertiary 
structures (250-350 nm) of the polypeptides wrapping the SWCNTs (see Online 
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Resouce 3). From these bands the structure adopted by the polypeptides when 
wrapping the SWCNTs could be obtained given that the features in the CD 
spectra are related to the secondary and tertiary structure of proteins. As can be 
seen, the normalized spectra for all the polypeptides are similar indicating similar 
binding modes for the polypeptides to the SWCNTs. The CD spectra of albumin-
coated SWCNTs, in which albumin probably adopts a globular conformation on 
SWCNTs was also obtained for comparison. As can be seen, the spectral features 
are very similar indicating that these polypeptides probably adopt a “beads-on-a-
string” binding geometry when attached to SWCNTs, as is has been reported from 
AFM analysis (Matsuura et al. 2006). In figure 4C the AFM image of SWCNTs 
wrapped with poly(Lys:Phe, 1:1) is shown, where the wrapping with the peptide 
adopting globular structures around the nanotube is apparent. The most interesting 
feature found on the CD spectra of these functionalized SWCNTs is the band at 
around 500 nm. The band at around 500 nm can be ascribed to SWCNTs optical 
bands that become CD-active after wrapping with chiral surfactants as these 
polypeptides. As can be seen, the CD bands have different intensity depending on 
the polypeptide wrapping the SWCNTs. As SWCNTs are in a racemic mixture, 
this band can be ascribed to an induced CD that is the quantum mechanical 
coupling of the transition dipole moments of SWCNTs and the polypeptides.  
3.2. APPLICATIONS OF SWCNTs FUNCTIONALIZED WITH 
AMPHIPHILIC POLYPEPTIDES 
The functionalization of SWCNTs with amphiphilic polypeptides described 
here was applied for the development of a model for the characterization of the 
binding of natural proteins to carbon nanotubes. Furthermore, the 
functionalization of SWCNTs with cationic amphiphilic polypeptides can be used 
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as a platform for the binding of DNA to carbon nanotubes. These applications will 
be described in the following sections. 
3.2.1. Modeling the use of SWCNTs as protein carriers.  
In general, proteins are thought to interact with carbon nanotube surface through 
multiple non-specific interactions but, given the complexity of protein structure, 
the mechanism of binding has not yet been solved (Salzmann et al. 2008). The 
principle means by which proteins are thought to adsorb to the hydrophobic 
surface of carbon nanotubes is through - stacking interaction between aromatic 
amino acids side chains and the -electron system of the SWCNTs, and also 
through van der Waals interactions. The ability of proteins to disperse SWCNTs is 
thought to be due to their hydrophilic residues being able to interact with the 
solvent to create micelle-like structures. However, there has not been a detailed 
study of the binding properties of proteins to carbon nanotubes that could predict 
their efficiency in dispersing carbon nanotubes. In this work, we applied the 
conclusions derived from the dispersion properties of carbon nanotubes with 
amphiphilic polypeptides to construct a model that describes the properties of 
proteins that determine their ability in dispersing carbon nanotubes. Different 
proteins were tested in their ability to disperse SWCNTs: albumin, trypsine, 
pepsine, lysozyme, ferritin, fibrinogen, papain and hemoglobin. In figure 5 the 
relative dispersion yield of SWCNTs for the proteins tested are shown. As can be 
seen, proteins disperse SWCNTs with a different efficiency. In order to model the 
dispersion properties of natural proteins, several parameters that describe protein 
composition and structure were selected according to the dispersion results 
obtained with amphiphilic polypeptides. When plotting the dispersion yield of 
proteins as a function of these parameters different conclusions can be obtained. 
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Firstly, the hydrophilic:hydrophobic side chain ratio and the number of aromatic 
amino acids determine the dispersion properties of proteins by means of the 
percentage of aromatic amino acids and the percentage of hydrophobic amino 
acids. As the hydrophobic content is increased, lower amount of SWCNT are 
dispersed. As can be seen in figure 5, as the hydrophobicity of the protein 
increases the amount of protein attached to the SWCNTs increases, but owing to 
protein hydrophobicity the functionalized SWCNTs agglomerate and precipitate. 
The results obtained with the amphiphilic polypeptides indicates that aromaticity 
content also influences the ability of proteins to disperse SWCNTs. As can be 
seen in figure 5, there is an optimum aromatic content for the best dispersion 
properties of SWCNTs. Furthermore, the isoelectric point of the protein plays an 
important role in the dispersion properties. The isoelectric point (PI) is related to 
the number of acidic (negatively charged) amino acids and basic (positively 
charged) amino acids being proteins less charged in water when the pH is 
proximal to the isoelectric point. As the dispersion properties of proteins were 
tested at neutral pH, the difference from this pH value and the isoelectric point of 
the proteins determines their degree of ionization: the higher the difference the 
higher the degree of ionization. As the degree of ionization increases, the ability 
to disperse carbon nanotubes also increases due to the increased density of polar 
ionized groups around the carbon nanotube-protein complex. As can be concluded 
from figure 5, the data can be plotted to obtain optimal values for  
hydrophilic:hydrophobic radio, aromaticity content and pI values for SWCNTs 
dispersion by proteins. The values can therefore be used to optimize binding of 
proteins to SWCNTs in fields such as biosensing and protein delivery vectors.  
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3.2.2. Applications of SWCNTs functionalized with cationic amphiphilic 
polypeptides as gene carriers. 
 As an application of the SWCNTs functionalized with amphiphilic 
polypeptides, we tested them as gene carriers. Cationic amphiphilic polypeptides 
were used for these purposes given their ability to bind negatively charged DNA 
by ionic interactions. The binding of plasmid DNA to functionalized SWCNTs 
was studied by agarose gel electrophoresis, using for this study the pGL3 plasmid 
which encodes the gene luciferase whose expression can be easily assayed. It has 
previously been demonstrated that ethidium bromide cannot intercalate with 
plasmid DNA bound to functionalized SWCNTs (Singh et al. 2005), as the DNA 
is in a condensed form. Therefore, the amount of free DNA (not bound to 
SWCNTs) can be thereby estimated from the gel by measuring the quantity of 
DNA than can be detected by ethidium bromide staining. Several functionalized 
SWCNT:DNA complexes were prepared for each polypeptide at different ratios in 
order to determine the amount of bound DNA. The amount of plasmid DNA 
bound to carbon nanotubes at several dilutions was estimated by incubating 
polypeptide-SWCNT complexes with plasmid followed by gel electrophoresis. 
After running the gel, the amount of bound plasmid per mass of polypeptide-
SWCNT was determined by reference to the lane with the highest dilution of 
polypeptide-SWCNTs at which no free DNA was detectable (see figure 6, there is 
a saturating amount of plasmid DNA on functionalized SWCNTs at this 
concentration). It was observed that the properties of the amphiphilic polypeptide 
wrapping the SWCNTs have a profound effect on the plasmid DNA binding 
properties. As can be seen in table 2, the nature of cationic side chain of the 
polypeptide affects DNA binding properties, increasing the efficiency of binding 
in the sequence Arg-Orn-Lys. This can be explained by the higher density of 
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cationic groups with lysine- and ornithine-containing polypeptides than arginine-
containing polypeptides. The length of the side chain may also play an important 
role on the condensation properties of DNA on the functionalized SWCNTs. As 
the lysine side chain is longer than ornithine, the structure is more flexible and 
porous and may allow a better intercalation of the plasmid DNA in the cationic 
group attached to the carbon nanotube. As can be seen also in table 2, the 
aromatic group plays an important role in the DNA condensation properties with 
increasing hydrophobicity increasing DNA binding. This could be due to 
increased hydrophobicity of aromatic group leading to stronger interaction with 
the SWCNT and thereby binding a higher amount of polypeptides with higher 
density of cationic groups available for DNA binding. The effect of the 
hydrophilic:hydrophobic side chain ratio on the DNA binding properties was also 
investigated using poly(Lys:Tyr) polypeptides. As can be seen in table 2, binding 
of plasmid DNA is enhanced by increased amount of hydrophilic groups of the 
polypeptide, presumably leading to a higher density of cationic groups available 
for DNA binding. From these studies can be deduced that the best conditions for 
plasmid DNA binding are obtained with a polypeptide with a 
hydrophilic:hydrophobic side chain ratio of 4:1, lysine as cationic group and 
phenylalanine as aromatic group.  
3.2.3. Applications of functionalized SWCNTs as protein and gene delivery 
systems.  
As was described in the previous sections, SWCNTs can be used as peptide and 
gene carriers. In this section, we sought to investigate how the protein parameters 
investigated above affect SWCNT uptake using HeLa cells as a model. The 
internalization of nanotubes in the cells was followed by confocal microscopy 
using SWCNTs functionalized with a polypeptide chemically modified (CMP) 
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with fluorescein (CMP-SWCNTs). Owing to the excellent properties of dispersion 
and DNA binding of poly(Lys:Phe, 1:1), this polypeptide was selected to study 
the internalization of these functionalized SWCNTs in the cells. As can be seen in 
figure 7A-C, SWCNTs enhance the internalization of the polypeptide in the cells, 
indicating that the SWCNTs can be used to deliver cargoes into cells. After 1 h of 
incubation the CMP-SWCNTs are already internalized in the cells and after the 3 
h it was observed that CMP-SWCNTs have accumulated in the cytoplasmic 
region near the nuclear envelope (see Online Resource 4). The mechanism of 
entry was investigating using endocytosis inhibition conditions. Cells were 
preincubated in endocytosis inhibiting conditions before incubation with CMP-
SWCNTs: azide for endocytosis inhibition, sucrose for clathrin endocytic pathway 
inhibition and nystatin and filipin for caveolae endocytic pathway inhibition. The 
degree of internalization was quantified by the measurement of the fluorescence 
of the lysate after incubation with the CMP-SWCNTs. As can be seen in figure 
7D, endocytosis inhibition decreased internalization of the SWCNTs indicating 
that internalization involved endocytosis. We next investigated the influence of 
attachment of plasmid DNA on particle uptake. Plasmids are negatively charged 
and therefore increasing plasmid binding will lead to the SWCNT particles going 
from positively to neutral and then negatively charged, as can be seen in Online 
Resource 5. The complexes of CMP-SWCNTs with DNA were incubated with 
HeLa cells and their internalization was quantified by the measurement of the 
fluorescence in the lysate. Complexes positively charged or neutral were 
effectively delivered in the cells, obtaining a maximum of efficiency of 
internalization for neutral complexes. However, negatively charged complexes are 
less efficiently delivered to the cells. It is likely that the electrostatic repulsion 
with the negatively charged cell membrane inhibits uptake. Also, neutral DNA-
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CMP-SWCNT complexes may diffuse through the hydrophobic lipid bilayer of 
the cell membrane. The influence of charge on uptake was confirmed by studying 
the internalization of SWCNTs wrapped with amphiphilic polypeptides. As can be 
seen in figure 7D, SWCNTs wrapped with a negatively charged peptide were 
internalized with a lower efficiency than SWCNTs wrapped with positively 
charged peptides. This effect of the global charge of the functionalized SWCNTs 
therefore plays an important role in optimising conditions for the use of carbon 
nanotubes as protein and DNA delivery systems. 
4. CONCLUSIONS 
In this paper, the ability of various amphiphilic polypeptides to disperse SWCNTs 
was examined. From this study is was concluded that the binding and dispersion 
properties of proteins is influenced by the nature of aromatic groups, hydrophilic 
groups and the hydrophilic:hydrophobic side chain ratio. The findings were used 
to develop a simple model to predict the SWCNT adsorption and dispersion 
properties of natural proteins. This model was based on properties that describe 
the protein structure and composition. The optical properties of the polypeptide-
SWCNT complexes were studied such as molecular absorption spectroscopy and 
circular dichroism, showing that these properties depend on the polypeptide 
wrapping the SWCNTs. Finally, the DNA-binding capacity of various 
functionalized SWCNTs with cationic amphiphilic polypeptides was examined 
and optimal conditions determined for gene delivery. Uptake of SWCNTs 
carrying peptides and plasmid DNA was shown to be via the endocytic pathway 
and the global charge of the complex was shown to play an important role in the 
efficiency of uptake. 
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TABLES.  
POLYPEPTIDE 
OPTIMAL 
SWCNT:POLYPEPTIDE 
RATIO 
DISPERSED SWCNT 
CONCENTRATION
a
, 
g mL-1 
OPTIMAL 
DISPERSION 
YIELD
b
 
Poly(Lys:Trp, 4:1) 3:1 12.4 2.2 
Poly(Lys:Tyr, 1:1) 5:1 38.4 49.4 
Poly(Lys:Phe, 1:1) 1:2 52.6 35.0 
Poly(Lys:Tyr, 4:1) 3:2 11.8 5.8 
Poly(Arg:Trp, 4:1) 5:1 11.8 3.8 
Poly(Orn:Trp, 4:1) 2:1 18.9 3.9 
Poly(Lys:Tyr, 1:9) 1:2 21.1 14.1 
Albumin (BSA) 5:1 54.0 6.7 
hemoglobin 1:2 5.6 3.7 
 
Table 1. SWCNT solubilization properties of the random copolymers. SWCNT:polypeptide ratio 
is given in w/w; 
a
solubilized amount of SWCNTs reached at the optimal SWCNT:polypeptide 
ratio in the solubilization curve; 
b
SWCNT:polypeptide ratio at which the dispersion yield is 
maximum (the dispersion yield is calculated by dividing the SWCNT solubilized concentration by 
the SWCNT initial concentration in the dispersion mixture). SWCNT solubilization properties are 
given also for the proteins albumin and hemoglobin. 
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POLYPEPTIDE 
g DNA.g-1 
polypeptide wrapped 
SWCNT 
CATIONIC GROUP 
ARGININE 2 
ORNITHINE 8 
LYSINE 14 
AROMATIC GROUP 
PHENYLALANINE 29 
TYROSINE 6 
HYDROPHILIC:HYDROPHOBIC 
SIDE CHAIN RATIO 
4:1 13 
1:1 6 
1:9 - 
 
Table 2. DNA binding properties of the functionalized SWCNTs as a function of the cationic 
group and the hydrophobic:hydrophilic side chain ratio. The effect of the cationic group was 
performed with an hydrophilic:hydrophobic side chain ratio of 4:1 and Trp as aromatic group; the 
effect of the aromatic group was performed with an hydrophilic:hydrophobic side chain ratio of 
1:1 and Lys as cationic group; the effect of the hydrophilic:hydrophobic side chain ratio was 
performed with Lys as cationic group and Tyr as aromatic group. 
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Fig. 1. A) Structure of the amphiphilic polypeptides. These amphiphilic polypeptides contain 
hydrophobic side chains, (Phe, Trp and Tyr) and cathionic side chains (Orn, Lys and Arg) in a 
defined hydrophobic:hydrophilic side chain ratio.  The following random copolymers were tested: 
poly(Lys:Trp, 4:1), poly(Lys:Tyr, 1:1), poly(Arg:Trp, 4:1), poly(Lys:Tyr, 4:1), poly(Orn:Trp, 4:1), 
poly(Lys:Phe, 1:1) and poly(Lys:Tyr, 1:9). B) Structure of SWCNTs functionalized with 
amphiphilic polypeptides. This procedure models and allows the design of methods of 
functionalization of SWCNTs with proteins (a). DNA can also be bound to carbon nanotubes by 
ionic interactions with SWCNTs functionalized with cationic amphiphilic polypeptides (b). 
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Fig. 2. Typical dispersion curve of SWCNTs with amphiphilic polypeptides. This curve 
corresponds to SWCNTs dispersion with poly(Lys:Trp, 4:1) at 0.3 mg mL
-1
. Dispersed SWCNT 
concentration (black curve) was calculated from the absorption value at 730 nm of the dispersed 
solution and the molar extinction coefficient of the functionalized SWCNTs. Dispersion yield 
(grey curve) was calculated by dividing the dispersed SWCNT concentration by the initial 
concentration of SWCNTs in the dispersion mixture. 
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Fig. 3. Effect of the side chains properties and composition of the polypeptide on the dispersion 
properties of SWCNTs. The relative dispersion was calculated from the absorption value of the 
dispersion at 730 nm. Black bars: effect of the cationic group of the polypeptide on the SWCNT 
dispersion properties; the aromatic group in the polypeptide was Trp, the hydrophilic:hydrophobic 
side chain ratio was 4:1, the conditions in the dispersion mixture were 0.6 mg mL
-1
 of SWCNTs 
and 0.3 mg mL
-1
 of polypeptide. Dark grey bars: effect of the aromatic group on the SWCNT 
dispersion properties; the hydrophilic group was Lys, the hydrophilic:hydrophobic side chain ratio 
was 1:1, conditions in the dispersion mixture were 0.6 mg mL
-1
 of SWCNTs and 0.3 mg mL
-1
 of 
polypeptide; the hydrophaty index is shown in the figure for each of the amino acid side chains. 
Light grey: effect of the hydrophilic:hydrophobic side chain ratio on the SWCNT dispersion 
properties; this study was performed with the polypeptide poly(Lys:Tyr) with different Lys:Tyr 
ratios, the conditions in the dispersion mixture were 0.9 mg mL
-1
 of SWCNTs and 0.3 mg mL
-1
 of 
polypeptide. 
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Fig. 4. Characterization of polypeptide-wrapped SWCNTs. A. Normalized molecular absorption 
spectra of polypeptide-wrapped SWCNTs: 
__
 SWCNT-poly(Lys:Tyr,1:1), 
__
 SWCNT-
poly(Lys:Tyr,4:1), 
__
 SWCNT-poly(Lys:Phe,1:1), 
__
 SWCNT-poly(Lys:Trp,4:1). Normalization 
was made at 400 nm. B. Dichroism circular spectra of polypeptide-wrapped SWCNTs. The spectra 
were normalized by the concentration of functionalized SWCNTs for each sample (
__
) 
Poly(Lys:Phe,1:1), (
__
) poly(Lys:Tyr, 4:1), (
__
) poly(Lys:Tyr, 1:1). The DC spectrum for albumin-
wrapped SWCNTs (
__
) is also given. C. AFM image of SWCNTs wrapped with poly(Lys:Phe,1:1).  
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Fig. 5. Parameters that determine the best conditions for the dispersion of SWCNTs with proteins. 
Tested proteins: a) albumin, b) trypsin, c) pepsine, d) lysozyme, e) ferritin, f) fibrinogen, g) papain 
and h) hemoglobin. The files selected from Protein Data Bank to calculate the parameters related 
to the protein structure and composition were as follows: albumin 1BM0, trypsin 1QB1, pepsine 
4PEP, Lysozyme 6LYZ, ferritin 1IER, fibrinogen 1JY2, papain 9PAP, hemoglobin 1XZ2. The 
dispersion efficiencies were normalized by the absorbance value obtained for the protein with the 
best dispersion properties (albumin). 
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Fig. 6. Agarose gel electrophoresis of functionalized SWCNTs complexed with plasmid DNA. 
Lane 1: ladder, lane 2: pGL3 plasmid alone 7.12 ng L-1, lanes 3-8: functionalized 
SWCNT:plasmid DNA complexes with plasmid 7.12 ng L-1 and different dilutions of 
functionalized SWCNTs functionalized with poly(Lys:Trp,4:1) (lane 3: 5 g mL-1; lane 4: 0.5 g 
mL
-1
; lane 5: 0.05 g mL-1; lane 6: 5 ng mL-1; lane 7: 0.5 ng mL-1; lane 8: 0.05 ng mL-1. The lane 4 
shows the lane at which there is not free or partially free plasmid DNA. 
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Fig. 7. Confocal images obtained by z-scan of HeLa cells after different incubation conditions: A) 
control at 37 
o
C without CMP or poly(Lys:Phe, 1:1)-fluorescein wrapped SWCNTs, B) control at 
37 
o
C with poly(Lys:Phe, 1:1)-fluorescein, C) at 37 
o
C with poly(Lys:Phe, 1:1)-fluorescein 
wrapped SWCNTs. D) Elucidation of the mechanism of entry of SWCNTs functionalized with 
amphiphilic polypeptides. The efficiency of internalization was quantified by the measurement of 
the fluorescence in the lysate after incubation of HeLa cells with the functionalized SWCNTs. 
Cells were preincubated in endocytosis inhibiting conditions before incubation with CMP(+)-
SWCNTs (a positively charged CMP, poly(Lys:Phe, 1:1), was used in these studies): azide for 
endocytosis inhibition, sucrose for clathrin endocytic pathway inhibition and nystatin and filipin 
for caveolae endocytic pathway inhibition. The efficiency of internalization of SWCNTs 
functionalized with a negatively charged CMP (poly(Glu:Lys:Tyr, 6:3:1), CMP(-)-SWCNT) was 
also studied. The concentration of CMP-SWCNTs was 0.12 g mL-1. E) Effect of DNA/CMP-
SWCNT ratio on the internalization efficiency.  
 
 
 
 
 
 
 
